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INTRODUCTION
Optical impairments such as chromatic dispersion (CD), polarization mode dispersion (PMD), phase noise (PN) and nonlinear effects degrade the performance of high speed optical fiber transmission systems severely [1] [2] [3] [4] .
Coherent optical receivers allow the significant equalization of transmission system impairments in the electrical domain, where the fiber dispersion and carrier phase noise can be well compensated by the efficient digital signal processing (DSP) [5] [6] [7] [8] . Several feed-forward and feed-back carrier phase estimation (CPE) algorithms have been validated as the effective methods for mitigating the phase fluctuation from the laser sources [9] [10] [11] [12] [13] .
However, in these algorithms, the analysis of the phase noise in the transmitter (TX) and the local oscillator (LO) lasers is often lumped together, and the interaction between the large chromatic dispersion and the laser phase noise is neglected.
The complicated interplay between the electronic CD equalization and the laser phase noise has been investigated in recent work, and this leads to an effect of equalization enhanced phase noise (EEPN) [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . W.
Shieh, K. P. Ho and A. P. T. Lau et al. have provided the theoretical evaluation for the EEPN based on the
enhancement of the LO phase noise due to the dispersion equalization, and they also analyzed the EEPN induced time jitter in coherent systems [14] [15] [16] [17] . C. Xie has investigated the influence of large CD on the LO phase noise to amplitude noise conversion, and the impact of large CD on the fiber nonlinear effects [18, 19] . I.
Fatadin and S. J. Savory have studied the impacts of the EEPN in quadrature phase shift keying (QPSK), 16 -level quadrature amplitude modulation (16-QAM) and 64-QAM transmission systems [20] . Meanwhile, the effects of EEPN have also been investigated in the orthogonal frequency division multiplexing (OFDM) transmission systems [22] . In our previous work, we have carried out a detailed analysis of the one-tap normalized least mean square (NLMS) carrier phase estimation method in the coherent system considering the impact of EEPN [23] . We have also proved that it is difficult to compensate the EEPN entirely, even using an optical reference carrier [24] . The EEPN scales with the increment of the fiber length, the symbol rate, and the LO laser linewidth [14] [15] [16] , and it will significantly degrade the performance of the coherent optical communication systems. Involving the impact of EEPN, the traditional analysis for carrier phase estimation in coherent systems, where only pure laser phase noise are taken into account, may not be suitable again. Therefore, it is important to investigate in detail the performance of different carrier phase extraction methods in the coherent optical communication systems considering the EEPN.
In this paper, we present a comparative analysis on the performance of different carrier phase estimation methods in the coherent optical transmission system considering the equalization enhanced phase noise. Three carrier phase extraction algorithms, including a one-tap normalized least mean square method, a block-average (BA) method, and a Viterbi-Viterbi (VV) method are investigated for the phase noise mitigation in the n-level phase shift keying (n-PSK) coherent communication systems [10] [11] [12] [13] . For the first time to our knowledge, the influence of EEPN is analyzed by using and comparing the analytical approximations and the simulation results of the three CPE methods. The numerical simulations are carried out in a 112-Gbit/s non-return-to-zero polarization division multiplexed quadrature phase shift keying (NRZ-PDM-QPSK) coherent transmission system, which is implemented in the VPI simulation platform [25] . The theoretical bit-error-rate (BER) floors in the three CPE methods including the impact of EEPN are calculated based upon the leading order of the Taylor expansion, which is the commonly used approach in the BER floor prediction for the CPE algorithms [26] [27] [28] .
The theoretical predictions are compared to the practical simulation results. Meanwhile, the tolerable total effective linewidths (involving the TX, the LO lasers and the EEPN) in the three CPE methods with different block size are evaluated for a fixed BER floor, where the influence of the fiber nonlinearities are neglected. The computational complexity of the three carrier phase extraction methods is also discussed. Our analysis and discussions are useful and important for the practical design and application of the carrier phase estimation algorithms in long-haul high speed coherent optical transmission systems, where a large EEPN should be considered.
ANALYSIS FOR TOTAL PHASE NOISE VARIANCE CONSIDERING EEPN
In the coherent communication system with electronic CD equalization, the transmitter phase noise passes through both transmission fibers and the digital CD equalization module, and so the net dispersion experienced by the transmitter PN is close to zero. However, the local oscillator phase noise only goes through the electronic CD equalization module, and will be significantly enhanced due to the digital dispersion equalization [14] [15] [16] [17] [18] .
The EEPN scales linearly with the accumulated chromatic dispersion and the linewidth of the LO laser, and the variance of the additional noise due to the EEPN can be expressed as follows, see e.g. [14, 15] : is the 3-dB linewidth of the TX laser, and  is the correlation coefficient between the EEPN and the intrinsic LO phase noise. We note that the approximation in Eq. (2) is valid when the transmission length for the normal single mode fiber exceeds the order of 80 km [23] .
Corresponding to the definition of the intrinsic phase noise from TX and LO lasers, we employ an effective 
PRINCIPLE OF CARRIER PHASE ESTIMATION WITH EEPN
Principle of normalized LMS phase estimation
The one-tap NLMS filter can be employed effectively for carrier phase estimation [10] , of which the tap weight is expressed as:
where   is the estimation error between the output signals and the desired symbols, and  is the step size parameter.
The phase estimation using the one-tap NLMS filter resembles the performance of the ideal differential detection [23] , and the BER floor for the n-PSK transmission systems using the one-tap NLMS carrier phase estimation can be approximately described by the following expression:
where  is the square root of the total phase noise variance.
Principle of block-average phase estimation
The block-average method computes the n-th power of the symbols in each process unit to cancel the phase modulation, and the calculated phase are summed and averaged over the entire block (the length of the entire block is called block size). Then the phase is divided by n, and the result leads to a phase estimate for the entire block [11] . For the n-PSK transmission system, the estimated carrier phase for each process unit using the BA method can be expressed as: (10) where b N is the block size in the BA method, and   x represents the nearest integer larger than x .
Using a Taylor series expansion, the BER floor in the block-average carrier phase estimation for the n-PSK transmission system can be approximately expressed as follows -see e.g. [26, 27] :
where 2  is the total phase noise variance.
Principle of Viterbi-Viterbi phase estimation
The Viterbi-Viterbi method also operates the symbols in each process unit into the n-th power to cancel the phase modulation. Meanwhile, the calculated phase are also summed and averaged over the entire block (the length of the block is also called block size). However, the difference with regard to the BA method is in the final step, where the extracted phase in the VV method is only concerned as the phase estimation for the central symbol in each block [12, 13] . The extracted carrier phase in the n-PSK coherent transmission system using the Viterbi-Viterbi method can be expressed as:
where v N is the block size in the VV method.
The phase estimation in the n-PSK coherent system using the Viterbi-Viterbi algorithm can also be analyzed by using the Taylor expansion [26] [27] [28] , and the BER floor can be described by the following approximate expression:
We can find that the carrier phase estimate error in Eq. (15) for the Viterbi-Viterbi method corresponds to the smallest phase estimate error (phase error in the central symbol) in Eq. (12) for the block-average method. Thus the Viterbi-Viterbi method will work better than the block-average method. Meanwhile, according to Eq. (8) and
Eq. (14), the VV method will also show a better behavior than the one-tap NLMS method in theory, when the block size is less than 12. However, it requires more computational complexity to update the process unit for the phase estimation of each symbol.
Computational complexity
The computational complexity of the carrier phase extraction algorithms can be evaluated by the number of complex multiplications per symbol (Mul/Sym) and the block update efforts for each estimated symbol in the mitigation of the phase noise in the coherent transmission system. According to this description, the complexity of the three phase estimation methods in the n-PSK transmission system is calculated as the following expression:
where NLMS C , BA C , VV C represent the computational complexity of the NLMS, the BA and the VV algorithms, respectively, and update C denotes the update effort for each symbol in the data block. We note that the required multiplications for each estimated symbol in the VV method is not as the intuitive value   v N n  1
, because we can reuse the n-th power calculation results of the previous block.
Roughly speaking, for the transmission systems with modulation level higher than QPSK (n≥4), the one-tap NLMS method will have the lowest computational complexity. The complexity of the BA and the VV algorithms scales linearly with the modulation level, while the VV method requires more efforts for updating the block and saving the n-th power calculation results in the previous block. Therefore, the VV algorithm usually requires more computational efforts than the other two methods.
Balance between phase noise and additive noise
The above descriptions for carrier phase estimation using the three algorithms are analyzed without involving the influence of the additive noise in the transmission channel, which should be considered for the practical optical communication systems. For the one-tap NLMS method, the step size parameter has an optimal value to achieve the best balance for the phase noise and the additive noise. In brief, a smaller step size will deteriorate the BER floor induced by the phase noise, while a larger step size will degrade the NLMS phase estimator on the sensitivity of optical signal-to-noise ratio (OSNR). Hence, the step size parameter should be optimized for the practical use of the one-tap NLMS algorithm [10, 23] .
For the block-average and the Viterbi-Viterbi methods, an optimal block size should also be selected considering the balance of the phase noise and the additive noise. Generally speaking, a smaller block size will degrade the sensitivity of the OSNR in the coherent system [27] , while a larger block size will degrade the BER floor induced by the phase noise according to Eq. (11) and Eq. (14) . Therefore, we should consider the balance of the phase noise and the additive noise for the application of the three CPE methods in the practical transmission systems.
SIMULATION INVESTIGATION OF PDM-QPSK TRANSMISSION SYSTEM
As illustrated in Fig. 1 Then they are digitalized by the 8-bit analog-to-digital convertors (ADCs) at twice the symbol rate [29] . The sampled signals are processed by the digital equalizers, and the BER is then estimated from the data sequence of 2 17 bits. The central wavelength of the TX laser and the LO laser are both 1553.6 nm. The standard single mode fibers (SSMFs) with the CD coefficient equal to 16 ps/nm/km are employed in all the simulation work.
Here we neglected the influences of fiber attenuation, polarization mode dispersion and nonlinear effects in our simulation. The PMD and polarization rotation equalization could be realized by employing the adaptive LMS and constant modulus algorithm (CMA) equalizers [30, 31] . The CD compensation is implemented by using a frequency domain equalizer (FDE) with appropriate parameters [32, 33] , which has been analyzed in our previous work [34] .
With the increment of launched optical power, the fiber nonlinearities such as self-phase modulation (SPM), cross-phase modulation (XPM) and four-wave mixing (FWM) need to be considered in the long-haul wavelength-division multiplexing (WDM) transmission systems [2] . The fiber nonlinear impairments can be mitigated and compensated by using the digital backward propagation methods based on solving the nonlinear Schrodinger (NLS) equation and the Manakov equation [35, 36] . 
SIMULATION RESULTS
BER floors for BA and VV methods
In our previous report, we have compared the theoretical BER floors to the simulation results for the one-tap NLMS phase estimation, where a good agreement is always achieved [23] . Therefore, here we focus on the similar phenomenon has also been found in previous report [27] . Therefore, for a specific block size (N b =5), the simulation results can make a good agreement with the theoretical predictions. The theoretical BER floor is 4.7×10 -6 for the case of "TX=LO=5 MHz", which is too small to be shown in (a). The theoretical BER floor is 1.5×10 -7 for the case of "TX=LO=5 MHz", which is too small to be shown in (a).
As discussed in the above, the analytical evaluation of the BER floors in the BA and the VV carrier phase extraction methods is derived based on the Taylor expansions. However, Taylor expansion methods -to the leading order in the phase noise -are not accurate for the large phase noise and block size values. In most practical cases, the BA and the VV algorithms allow the large phase noise (such as EEPN) and block size parameters, and the Taylor expansion based analytical predictions are not appropriate. Therefore, a proper analysis for the practical transmission system should be described based upon the simulation results.
Comparison of three carrier phase extraction methods
The performance of three carrier phase estimation algorithms with different block size is illustrated in Fig. 4 . , and the VV method is much better than the NLMS method with the block size less than 13. Meanwhile, the VV method gives a much better behavior than the BA method. However, the simulation results in Fig. 5(b) demonstrate that the BA and the VV methods have a weaker dependence on the block size compared to the theoretical analysis. On the one hand, the BA method behaves a little better (allowing larger effective linewidth) than the NLMS method when the block size is less than 11, and the VV method works slightly better than the NLMS method when the block size is less than 21. On the other hand, the Viterbi-Viterbi method shows only a small improvement compared to the block-average method, even if it sacrifices more computational complexity. The weak dependence on the block size in the BA and the VV algorithms implies that the additive noise in the transmission channel of the practical coherent systems can be accommodated quite well, since this requires a large block size to mitigate the additive Gaussian noise. Meanwhile, the NLMS method can also show a good performance with the additive noise in the transmission channel, if the step size is optimized [10, 23] .
It is worth noting that the one-tap NLMS algorithm can also be employed for the n-QAM coherent transmission systems, while the block-average and the Viterbi-Viterbi methods can not be easily used for the classical n-QAM coherent systems except the circular constellation n-QAM systems.
CONCLUSIONS
In this paper, the performance of different carrier phase extraction methods is comparatively investigated in the high speed coherent optical communication systems considering the impact of equalization enhanced phase noise. Three approaches, involving the one-tap NLMS algorithm, the block-average algorithm and the For the design of practical transmission systems, simulations should be applied for the evaluation of the three carrier phase estimation methods. The one-tap NLMS method can show an acceptable behavior compared to the other two approaches, while the optimization for the step size needs a complicated empirical selection. The block-average method is easy and efficient to implement, but it will behave unsatisfactorily when a large block size is used. The Viterbi-Viterbi method can show a small improvement compared to the block-average method, while it requires more computational complexity for updating the data block than the other two methods.
To focus on the influence of EEPN in carrier phase estimation, we have neglected the impact of the fiber nonlinearities in our simulation work for evaluating the BER floors and the tolerable total effective linewidths in coherent transmission system. It would be more complicated if we consider the influence of the fiber nonlinearities, because the electronic CD equalization could also interact with the fiber nonlinear effects [19] .
Further analysis for carrier phase estimation algorithms involving both the EEPN and the fiber nonlinear effects will be investigated in our future work. The theoretical BER floor is 4.7×10 -6 for the case of "TX=LO=5 MHz", which is too small to be shown in (a). The theoretical BER floor is 1.5×10 -7 for the case of "TX=LO=5 MHz", which is too small to be shown in (a). 
Figure Captions
